In the general aero-engine development effort to significantly improve specific fuel consumption as well as thrust-to-weight ratios, ceramics have been under investigation since the mid-Seventies. Their great potential for increasing gas-turbine performance has resulted in a number of research programs worldwide to assess their desirability for static or rotating components.
Apart from the ambitious application of monolithic or fibrereinforced ceramics as structural components in the hot gas path in extremely high temperature environments, some applications, such as thermal barrier coatings, bearings and flaps, have already reached the production stage.
INTRODUCTION
Projected thermodynamic cycle temperatures for advanced aero-engines run 100 °C to 200 °C above present levels. The envisioned 2300 °C and above temperatures are in the stoichiometric combustion range. The objective is to boost specific power (thruit/weight ratio) and improve overall efficiency to reduce specific fuel consumption. In this endeavour, potential cooling air economies are a primary concern, because turbine cycle calculations predict a 30% saving in specific fuel consumption if the need for turbine cooling is obviated.
Material development efforts, accordingly, largely revolve around specific hot strength for high cycle temperatures and efficiencies at moderate cooling requirements and low weight. This is where ceramic materials (Fig. 1) hold promise; they give great mechanical strength also at elevated temperatures, plus chemical stability. Having a mere one-third of the specific weight of superalloys, they are dimensionally stable, hard and wear-resistant, and they do not fall in the strategic materials category (Syers, 1990) . Ceramic components for engine applications have therefore been studied in depth ever since the U.S. DARPA/ NAVSEA project (Fairbanks, 1978) in the Seventies.
CERAMIC MATERIAL OPTIONS
Engine application studies for ceramics largely focus on silicon compounds, because of their relatively low coefficient of thermal expansion. Si3N4 and SIC derived from a variety of processes for diverse service temperatures have therefore been widely explored for suitability ever since the mid-Seventies. Complementing this range of materials are fiberreinforced ceramics (C/SiC and SiC/SiC) and C/C. Oxide ceramics, however, which alone potentially qualify for use at stoichiometric combustion temperatures, have so far drawn little if any attention in the investigations (Sims, 1988) because of a significant lack of thermal shock resistance.
Assessment Criteria
resistance in an aggressive environment are not the only characteristics to guide the selection of aeroengine materials. The various properties need judicious weighting to suit the requirements of the respective stationary or rotating component for use in a hot gas stream or a more moderate environment, as the case may be. A combustor element, e.g., primarily needs thermal shock and oxidation resistance, while a turbine rotor blade also needs creep and fatigue strength and a bearing again calls for special tribological properties (Syers, 1990) .
Demonstrated suitability for reproducible manufacture and nondestructive testing is of cardinal importance, and so is a failure pattern that can be controlled and modeled; these properties might be grouped under the general reliability heading. For a ceramic as a highly rigid material very sensitive to contact stresses in attachments, its capability to integrate into a dynamically highly-stressed all-metal machine is a primary concern.
OBJECTIVES OF PAST DEVELOPMENT EFFORTS

Monolithic Ceramic Materials
The behavior of ceramic materials is essentially governed by inhomogeneities in volume and surface. Their outstanding critical peculiarity, however, is inability to relieve stress concentrations by plastic deformation.
Development therefore focuses on potential reductions in defect size and incidence by improving manufacturing and machining processes (e.g. cleanroom technology), for the tensile fracture strength, rf, of a ceramic can be expressed by the Griffith equation rf = KIC/V, with defect size being a major determinant of rf. Simultaneously, it is being attempted to evolve a design methodology that accounts for the typical brittle fracture behavior of ceramics. Applicable criteria would here be small volume, simple shape, constant wall thickness, free thermal expansion and compression stress state (KochendOrfer, 1988) .
Ceramic Matrix Composites
The development of ceramic matrix composites has been based on the use of particulate and fibrous additions to create materials with high toughness and crack growth resistance. Particles and whiskers have been added to traditional ceramics to increase toughness. These composites are made primarily by traditional ceramic processing techniques and have resulted in silicon carbide whisker reinforced alumina and silicon nitride (Wei and Becher, 1985; Kandori et al, 1987) . The resultant composites are toughened by crack diversion around the whiskers and exhibit the macroscopic characteristics of high performance monolithic ceramics.
The use of continuous fibers to reinforce ceramics has taken a very different approach. In this case the technology has been developed with the help of scientists having previous experience in fiber reinforced polymer and metal composites. It has been important to develop fabrication processes which do not damage the fibers and also which permit the fabrication of rather large, complex shapes. Several different approaches have been developed, Table 1 , some of which are in the early stages of engine component demonstration. The resultant composites exhibit complex failure modes which prevent macroscopic crack growth and result in very high values of fracture toughness. In all of these cases the best results have been achieved through the use of either carbon fibers or silicon carbide type fibers. The latter fibers are produced primarily by the Nippon Carbon Company (NILCALON) and Ube Industries (Tyranno) in Japan. They consist of a nonstochiometric mixture of silicon, carbon, oxygen and, in Tyranno, also titanium. These fibers do not yet have the high temperature stability of pure SiC and thus are limited in their use to temperatures of below 1300 C. Above this temperature grain growth and strength loss can occur which is then reflected in a decrease in composite strength, Figure 1 . In this figure the composites were produced by chemical vapor infiltration (CVI) at SEP and the glass-ceramic matrix (COMPGLAS) process at United Technologies (Prewo et al, 1986) .
APPLICATION IN ENGINES
The introduction of novel, untried aero-engine materials and manufacturing methods follows trusted routes mapped out to gather in-flight experience with these technologies at minimum risk. The introduction of ceramic materials will follow the same routes, although on account of the inherent brittleness of ceramics and the persisting lack of experience in their handling, they will take longer to travel. As it stands, the introduction of new technologies takes 15 to 20 years merely for metallic materials. But whereas the temperature gain achieved by, e.g., singlecrystal technology is 50 °C in material temperature, the potential of ceramics runs in excess of 500 °C. This is the horizon against which engineers are able to marshall the long patience needed to perfect ceramics until mature for these applications.
Along this pattern, ceramic coatings are already finding use in engine applications, although for the time being mostly on stationary components. Whereas structural components are still undergoing rig testing, save a very few exceptions.
Ceramic Coatings
Sprayed abradable coatings on rotating compressor spacers have long proved their value. The material used is predominantly Al203. The assessment criteria are dictated by the high speeds (adhesion) on the one hand and by the rubbing action of compressor blades (tribological properties) on the other.
Thermal barrier coating technology, on the other hand, has still not evolved sufficiently for use on rotating components to the extent desired. The envisaged function of the thermal barrier coating derives from the low thermal conductivity of the Zr02 used, which is stabilized with 6% to 8% Y203. Deemed an advantage in this material is also its 7 to 10 x 10-6K-1 coefficient of thermal expansion, which is relatively high for ceramics and comes close to those of the metallic substrates (nickel-base alloys typically have 15 x 10-6K-I). The potential reduction in base material surface temperature runs in the vicinity of 150 °C, depending on the thickness of coating.
The Zr02 coating on the walls of the turbine casing depicted is 3.5 mm thick and reduces the cooling air requirement to 30% of that of the uncoated casing (Fig. 2 ).
Next to thermal conductivity, thermal shock resistance ranks high among selection criteria for brittle material applications. It is quantified by the factor R, which is used to compare diverse materials and material structures from the thermal shock resistance aspect, a very important property indeed for ceramics generally and thermal barrier coatings specifically. Since the latter should have a high a and a low x, the material needs optimization and customization to the specific application. For R, the following relationship applies (Lackey et al, 1984) :
where E -modulus of elasticity, /4 = Poisson ratio, x = thermal conductivity, af = tensile strength, a -coefficient of thermal expansion.
The choice of a thermal barrier coating for a hot gaswetted component requires familiarity with its thermal shock behavior ( Fig. 3) : Is it the compressive stress set up in the coating plane during the heating phase, and the resultant tensile stress normal to the phase boundary with the base material thatespecially on convex surfaces-constitute the critical load controlling the failure pattern (Schneiderbanger and Peichel, 1990) ? Or is it perhaps the tensile stresses induced in the coating in the steady-state operating condition or during the cooling phase on account of differential coefficients of thermal expansion between the coating and the base material (Johner and Wilms, 1988) ? The lack of a valid lifing model based on clearly understood mechanisms including thermal and contact stresses, corrosion, erosion, bond layer oxidation and vibrations, presently still bars pervasive use of these coatings on components the failure of which jeopardizes the safety of the engine, as would be the case for leading edges on highly stressed turbine blades.
Bearings
Ceramic bearing materials afford an advantage through their capability to operate with poor lubrication at temperatures higher than safely sustained by metals. A typical potential application would be a ceramic bearing bushing in Zr02 to pivot the pin of a variable turbine nozzle vane, where the bearing temperature hits about 700 °C (Fig. 2) . A substantially more sophisticated application would be the gas bearing (Syers, 1990) , which provides notable benefits in terms of lubricant, scavenging and cooling requirements. The use of ceramics as a bearing material calls for considerable surface engineering (wear and thermal shock behavior, residual stress states, mechanical strength, fracture toughness and roughness) to cover the wide envelope of operating conditions (Fig. 4) .
The improved depth of performance of advanced engines aggravates the load on bearings on account of the higher rotational speeds involved. This is where ceramic bearing balls potentially offer a solution. Presently, conventional bearings tolerate maximally DxN = 2 x 106 mm min-1, largely because of the centrifugal load on the balls. Balls in Si3N4 would sustain DxN = 3 x 106 mm min-1. The three-point contact bearing depicted in Fig. 5 , e.g., survived 2.5 x 106 mm min-1 in demonstrations under additional 2000 N thrust loads plus unbalance conditions from simulated blade shedding (Muller, 1979) . These experiments, however, also went to show that the grade of material was still too inconsistent and the NDT methodology still too imperfect to safely preclude premature ball failures (material baseline 1976).
5.3a Stationary Components, Monolithic Ceramic
Stationary components of special interest are combustor elements, vanes, shrouds and assembly positioning pieces.
The attractiveness of ceramic materials for combustor applications is readily apparent: high temperature loads in a corrosive-oxidative environment call for tremendous cooling effort to be expended on metallic combustor walls.
When the compression ratio is boosted, so is the air temperature, and its ability to cool the combustion liner walls is reduced. Increased pressure also produces a more luminous flame that transfers more heat to the liner walls, which in turn calls for more cooling. The use of ceramics for combustors is distinctly advantageous, since they admit of higher discharge temperatures and reduce cooling air requirements to virtually zero. However, the combustor design must then allow for high thermal stresses under both steady-state and transient operating conditions, and for the presence of hot spots.
Various design concepts have attempted to anticipate critical loads by building up high ceramic stresses both in-plane with and normal to the wall. The tendency is away from the monolithic design principle and towards rings and ultimately shingles of smallest possible size (Fig. 6 ).
Attachment to the metallic support structure is a major concern; it must allow for differential thermal expansions and hold the elements in position to control the gaps. Contact stresses can cause failures of the elements as reported in (David and Hudson, 1988) . On the other hand it was shown by the authors that ceramic elements can survive operating temperatures of 1930 °C for a number of hours.
In the selection of materials for combustor elements, the thermophysical data controlling thermal shock resistance are crucial criteria next to mechanical strength. In this context, e.g., RBSN and SSiC are of interest, while SiSiC has not lived up to expectations (Fairbanks, 1978; Andrees, 1990) , because of the separation of free Si and other shortcomings. With respect to thermal shock resistance R, Si3N4 may generally be superior to SIC because of a happy combination of critical parameters E and a, which are determinants of R, with enhanced ductility. It should be remembered, though, that thermal conductivity, which also has a bearing on R, may vary significantly with material formula and structure (K. Watanabe, 1991) (Table 2) .
Ceramic shrouds, designed as rings or elements, offer superior dimensional stability over superalloys. Rings tested at 1000 °C in the Advanced Mechanical Engineering Demonstrator of RR (Syers, 1990) proved capable of maintaining a smaller tip clearance, resulting in a 3% SFC and 5.6% power improvement. The ring was supported by wire brush seals (Fig. 7) which provided a compliant mounting. An abradable coating will be required to control blade tip wear.
Nozzle vanes come under stresses akin to those on combustor elements, although creep induced by gas bending loads is an additional worry. MTU conducted rig tests on metal-ceramic vanes that were conceived around the notion of minimizing all external forces, except thermal stresses (HUther and Kruger). Such a vane consists of an outer ceramic shell and a metal structure within (Fig. 8) . Only the ceramic shell is in contact with the gas and needs no cooling, whereas the metal core is cooled. Direct heat flow from core to shell is avoided by heat-insulating elements. The material was sintered a -SIC. A cascade of four vanes survived several hundred hours in a hot gas test rig at temperatures of up to 1630 °C, but it failed when the gas temperature reached 1700 °C. It is felt that with the improvement in SIC strength that has since been achieved in MTU lab work (Fig. 9) , even those test temperatures should not cause the material to fracture. But oxidation probably will limit the application of uncoated material to this temperature range. A similar design is scheduled to go into production in Japan for application in APUs and power units in the next few years (NGK, 1991) .
Data acquisition and material characterization are usually carried out using relatively small-size specimens. How these data can be translated into properties of components of other sizes, geometries and (nonstandard) loading profiles is not well understood. It is basically agreed that a probabilistic approach will be needed to account for the presence of volume and surface-related defects. There are finite element programs available which allow prediction of survival rate under static complex loadings. On the other hand it is felt that the growth vs. time behavior of subcritical flaws, such as creep, fatigue or stress corrosion cracks, is not sufficiently understood to support the modelling of life consumptions for realistic components under multiaxial stresses. At the present state of component production techniques the reproducible defect distributions needed for high-reliability applications can hardly be achieved in terms of neither type, size nor orientation.
5.3b Stationary Components. Ceramic Composites
Because of the ability to create large light-weight structures, the current emphasis for ceramic matrix components has been placed on those systems reinforced with continuous fibers. The most advanced technology to date is that based on the use of the CVI process (SEP, Naslein, 1981) . By this technique a wide variety of articles which contain woven cloth fiber arrays have been fabricated. Both carbon and NICALON type silicon carbide fibers have been used as reinforcement. Extensive flight testing of hot and cold flaps for the SNECMA M53-P2 is under way with operating temperatures of less than 1000 °C, Fig. 10 . This CVI process is unique in that it results in a component which is completely coated with a silicon carbide outer layer providing good protection in high temperature oxidizing environments. For this reason even carbon fibers can be used for components expected to experience an oxidizing environment.
Another process, which can develop ceramic composites of a similar type, is polymer pyrolysis. This process is very attractive because it is based on the same steps used to make polymer composites. However, with the addition of a high temperature pyrolysis step, a ceramic matrix is created. This requires multiple infiltrations of the polymer and is able to create rather large structural shapes. The commercial availability of several different polymers for this approach will encourage component development (Hoechst, Nippon Carbon Comp.) . The fabrication and test of an engine exhaust duct, Fig. 11 , (Dornier) has demonstrated this ability for large shapes.
In contrast to the two above processes, the hot pressing of glass and glass-ceramic matrices is capable of producing fully dense composites in a single relatively short-time process step (Naslaln, 1981) . To date the composites produced by this technique have been smaller than those of CVI and pyrolysis, however, gas turbine component demonstration has been made through the construction and test of a segmented gas turbine combustor, Fig. 12  (NASA, 1986) .
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Rotating components -disks and blades -impose the most exacting requirements for static and dynamic properties. These are aggravated by requirements for corrosion and erosion resistance, plus sufficient ductility to absorb impact loads. These requirements are then topped off by those for maximum component integrity. Small wonder that the use of ceramic materials in applications like these is not anywhere near in sight. Investigations along these lines are nevertheless under way, e.g. into ceramic blades with interlocking fits in metal disks. The problem embarrassing this approach is one of load transfer in the blade root, where excessive stress concentrations are the first snag to eliminate. To this date a considerable number of attachment concepts has been pursued which essentially involved the use of compliant layers (Fairbanks, 1978) . Other concepts again involve integrally bladed disks or separately bladed disks which could be manufactured in two halves, as discussed in (Syers, 1990) . Another alternative approach applies the paired metal-ceramic concept also to this component, as generally shown in Fig. 8 for a vane, where the centrifugal force places the ceramic vane shell under compressive stresses, rather than the tensile stresses normally associated with rotor blades. This concept, however, bases on a certain minimum size and will therefore hardly find use on small engines.
5.4b Rotating Components. Ceramic Composites
The use of fibers can add a new dimension to the design of highly stressed rotating components. As an example, the fibers can be arranged in an architecture which makes the blades integral with the disk for a rotating turbine or compressor stage. Such concepts are under development, however, there is considerable concern for the use of ceramic matrix composites over long time and cyclic loading at high stress. While each of the described CMC processes has been used to demonstrate static structures that are loaded primarily by acoustic and thermally induced stresses, the use of these materials in highly loaded structures has yet to be demonstrated. This will prove more difficult since the matrices of all of these composites are still brittle ceramics whose failure strains are less than 0.5%. As an example, the tensile testing of a CVI matrix composite reveals that after 0.025% strain there is a permanent change due to matrix cracking, Fig. 13 . By cyclic loading of this composite it is determined that the extent of this matrix and coating crakking increases with increasing applied stressed, resulting in a decrease in elastic stiffness and also an opening of the interior of the composite to the surrounding environment. Similar effects are noted in composites made with glass-ceramic matrices. Since the surrounding environment in a gas turbine will be highly oxidizing the interior fibers and fiber-matrix interfaces will be attacked. In general, this has been shown to cause loss in strength due to attack of carbon rich regions which act as debonding interfaces. Thus, for highly stressed applications, these composites will require the development of schemes to avoid loss in strength.
CONCLUSION
Owing to their tremendous temperature potential at low specific weight, ceramic materials will gradually get their foot also in the aero-engine door. Initially used in nonload-bearing and static applications they will be given a chance to demonstrate their reliability and usefulness. But first a number of essential conditions must be present:
Apart from the requirements for reproducibility of the manufacturing processes and inspectability of critical defects, a positive need exists for developing a design methodology that -based on intimate knowledge of material behavior under operational conditions -ensures the production of safe and reliable components. Elements of this design methodology are mechanical models of fracture processes and growth rates as well as statistic models of microstructures and flaw populations. For an impression of the degree of maturity achieved by this technology, we may turn to (Weule, 1991) , assuming that it follows the Volterra law, as most technologies do.
Fig. 14 describes the development of Si3N4 strength according to this law, which predicts that the final 1800 MPa strength ceiling will have been reached by 2010. This means that, one, only about 60% of the inherent potential has been gained to date, that, two, maturity for applications in critical engine parts has not yet been reached, and that, three, its great potential will even give monolithic a chance in future applications.
Meanwhile, the fiber reinforced ceramics have demonstrated that they can exhibit the type of failure modes and crack growth resistance typical of currently used polymer matrix composites. They are also able to fabricate into large complex shapes and are currently undergoing engine and environmental durability testing.
The results of these tests and the demonstration of stability under highly loaded conditions will be critical to their future success. Polymer pyrolysis 15-30 % Glass consolidation < 2 % Table 2 Carbides, nitrides, oxides, borides
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